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exclusively in four independent clades (two living and 
two extinct) of amphidromous snails with a marine larval 
period followed by a limnic adult phase. The smaller set-
tlement size may possibly reduce the risk of being wafted 
away from the estuaries of their natal streams through less 
time achieving metamorphic competence, while ability to 
make occasional long-distance trips is retained by the pres-
ence of a sufficiently long delay period. This delay period 
also seems to obscure the possible correlation between set-
tlement size and geographic distribution range of neriti-
morph species, both fully marine and amphidromous.

Introduction

Body size during larval development is one of the most 
important attributes of aquatic invertebrates with com-
plex life cycles from both an ecological and evolutionary 
standpoint (Marshall and Keough 2007). In particular, spe-
cial attention has been paid to the size at metamorphosis, 
which can be affected by selection on the initial size of 
offspring as well as the optimal size for changing form or 
habitat (Strathmann 1993). Intraspecific variation of settle-
ment size is associated not only with maternal effects, but 
also influences post-settlement mortality and growth rate 
in planktotrophic species (Phillips 2002; Giménes 2010). 
Larger size at metamorphosis enables adaptation to harsh 
environmental conditions, including exposure to desic-
cation, predation and starvation (Spight 1976; Moran and 
Emlet 2001). On the other hand, interspecific variation of 
settlement size has been often attributed to the ecological 
characteristics of the species. For example, predatory cae-
nogastropods that feed on active prey after metamorphosis 
tend to have larger settlement sizes than grazing herbivores 
or carnivores feeding on sessile animals (Lesoway and 
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Page 2008). Settlement size may be related to the sedi-
ment characteristics of settling areas in bivalves, possibly 
because their fragile larvae need to be larger than sediment 
grains (Cardoso et  al. 2006). However, phylogenetic con-
straints and ancestral conditions have rarely been taken 
into consideration when discussing size differences with 
respect to various ecological traits (Hadfield and Switzer-
Dunlap 1984; Kohn and Perron 1994; Levitan 2000; Collin 
2003). Settlement size is often used in taxonomic studies 
to diagnose genera and families that may contain species 
with different diets and habitats (e.g., Kano and Kase 2002; 
Knowlton and Vargo 2004).

Shell-bearing gastropods are ideal subjects for the inter-
specific comparison of settlement size, because they flour-
ish in almost all aquatic environments from intertidal to 
hadal waters as well as in freshwater ponds and streams 
(Kano et al. 2002), and because a calcified shell is a reliable 
indicator of overall body size and its rigidity allows accu-
rate measurement (Lesoway and Page 2008). The metamor-
phosis of their planktotrophic larvae, which often become 
competent to metamorphose at some earlier point in their 
development, is generally instigated by particular chemi-
cal or physical cues (Pechenik 1990). Larvae of some spe-
cies continue to grow when lack of environmental induc-
tion forces a delay of metamorphosis, resulting in a high 
level of intraspecific size variation at settlement (Pechenik 
1980; Lesoway and Page 2008). In contrast, most gastro-
pod species arrest growth during the competent period and 
as a consequence show small intraspecific variation of body 
size at settlement (see Lesoway and Page 2008 for review). 
This uniformity of settlement size is advantageous for stud-
ying the evolution of selection on an optimal size at settle-
ment in aquatic gastropods.

Another and even more important advantage of shell-
bearing gastropods is that the accretionary growth of the 
shell throughout their ontogeny leaves the larval shell at 
the apex of the adult shell as the protoconch (Jablonski and 
Lutz 1983). Instead of the direct observation of larvae, set-
tlement size has been studied through the measurement of 
the protoconch on adult shells in both recent and fossil spe-
cies (e.g., Shuto 1974; Rex and Etter 1998). The presence 
or absence of feeding (planktotrophy) can also be inferred 
from the protoconch morphology. The protoconch consists 
of both embryonic and larval shells in species with plank-
totrophic development; in non-planktotrophic species, 
on the other hand, there is no larval shell, and the proto-
conch consists exclusively of a relatively large embryonic 
shell formed prior to hatching. The protoconch as a whole 
is accordingly multispiral in the former species and pau-
cispiral in the latter species (e.g., Bouchet and Warén 1979; 
Jablonski and Lutz 1983; Lima and Lutz 1990). However, 
the apex of a gastropod shell is often worn and eroded. 
Microorganisms that bore into calcium carbonate as well 

as larger invertebrates do extensive damage to the shells 
of marine mollusks; abiotic agents also influence erosion, 
especially in animals inhabiting environments that are 
harsh physically or chemically, including rocky shores with 
strong surf, acidic freshwater streams, mangrove swamps, 
and deep-sea hydrothermal vents and seeps (Kano 2006). 
The original shape of the protoconch in those taxa remains 
intact for only a short period after metamorphosis, so it can 
be extremely difficult to infer the developmental mode by 
examining the protoconch on juvenile or adult shells.

Neritimorpha (=Neritopsina), a gastropod superorder, 
comprises several hundred living species in four aquatic 
families (Neritopsidae, Neritiliidae, Neritidae and Phenaco-
lepadidae; Kano et al. 2002) and four terrestrial ones (Bou-
chet and Rocroi 2005). This group has undergone a major 
adaptive radiation and currently occupies a great variety of 
habitats, including rocky shores, seagrass beds, submarine 
caves, mangrove swamps, freshwater streams, subterra-
nean waters, and deep-sea vents and seeps, in addition to 
terrestrial and arboreal ecosystems (Ponder and Lindberg 
1997; Kano et  al. 2002). Aquatic neritimorphs often have 
a prolonged planktotrophic larval phase of a few or sev-
eral months (Scheltema 1971; Holthuis 1995; Kano 2006; 
Lesoway and Page 2008). Their larvae are characterized 
by spherical, strongly convoluted shells, which make them 
easily distinguishable from other gastropod larvae (e.g., 
Scheltema 1971; Page and Ferguson 2013). However, the 
protoconch is eroded in most metamorphosed individuals 
except those in shallow subtidal waters due to the unfavora-
ble conditions as mentioned above.

Meanwhile, this snail group provides a rare opportunity 
to assess the interspecific variation and adaptive signifi-
cance of settlement size with unique morphological char-
acteristics. Kano (2006) has shown that the operculum of 
the larval shell remains as the opercular nucleus in almost 
all adult opercula of neritimorphs. The form of the nucleus 
reflects the type of larval development as the protoconch 
does, while the organic composition of the nucleus makes it 
tolerant to erosion and thus advantageous, compared to the 
protoconch, in this ecologically diverse group. Species with 
planktotrophic larvae are characterized by the paucispiral 
nucleus with a small initial region or embryonic opercu-
lum (see Kano 2006, fig. 4, nucleus type A). Non-plankto-
trophic species have three types of the opercular nucleus: 
paucispiral with a large initial region (type B), paucispiral 
without a distinct initial region (type C) and concentric 
without conspicuous growth lines (type D). This method is 
applicable to almost all species and individuals in the Ner-
itimorpha except less than two dozen species in three gen-
era, namely Neritopsis, Titiscania and Neritodryas, due to 
the erosion of the opercular nucleus, total absence of the 
adult operculum and methodological difficulty in peeling 
off the calcareous layer overlying the nucleus, respectively 
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(Kano 2006). The measurements of the opercular nucleus 
may also be a useful estimate of settlement size. The neriti-
morph protoconch is extremely uniform in shape and sculp-
ture, and the operculum fits closely into the shell aperture 
in all aquatic species of the superorder (Bandel 1982; Kano 
2006; Page and Ferguson 2013). Thus, settlement size may 
be potentially correlated with, and inferred from, the size of 
the nucleus, which is retained in the adult operculum.

The major goal of the present study is to reveal the phy-
logenetic and ecological patterns of the interspecific vari-
ation of settlement size in the gastropod superorder Ner-
itimorpha through the measurement of adult opercula. By 
taking advantage of this snail lineage, we aim to provide 
the most comprehensive data on the settlement size of 
marine invertebrates in terms of taxonomic sampling and 
coverage of different habitats. We selected 88 plankto-
trophic species from almost all extant genera and measured 
the diameter of the larval operculum retained as the nucleus 
of the adult operculum. The diameters of the protoconch 
and operculum in post-settlement juveniles were also meas-
ured to investigate whether the two measurements are cor-
related and whether the latter can be used as a reliable indi-
cator of settlement size across the superorder. Finally, the 
adaptive significance of the various settlement sizes in this 
clade is discussed in phylogenetic and ecological contexts. 
The usefulness of the opercular nucleus and protoconch for 
identifying species and phylogenetic lineages is also illus-
trated for the taxonomy and paleontology of neritimorph 
gastropods as well as ecological studies on their larval dis-
persal and recruitment.

Materials and methods

Selection of study taxa

In this study, we selected specimens of 88 planktotrophic 
species belonging to 17 genera that represent all four fami-
lies of the recent aquatic Neritimorpha (Table 1). The spe-
cies were collected from rocky shores, seagrass beds, sand 
flats, mangrove swamps, estuaries, freshwater streams, sub-
marine caves, deep-sea hydrothermal vents and oil seeps. 
Familial and generic assignments follow Holthuis (1995), 
Kano et al. (2002) and Frey (2010). Species identification 
was confidently made based on our unpublished molecular 
and morphological data, while scientific names used for the 
Neritidae are provisional as the nomenclature of this large 
group requires a major revision.

Measurement of opercular nucleus

Up to 23 (an average of 5.2) opercular nuclei were observed 
and measured for each species. Conspecific individuals 

from multiple localities worldwide were also selected when 
samples were available. The diameter of the opercular 
nucleus (Fig. 1, nd; see Kano 2006, fig. 1) was measured 
to 5-μm precision by tracing the outline of horizontally 
placed nuclei using a stereomicroscope (Nikon SMZ1500) 
equipped with a drawing tube. For Nerita specimens, we 
used forceps and needles to peel off the outer calcareous 
layer to reveal the opercular nuclei as described in Kano 
(2006). We gathered the nucleus sizes of 42 individuals 
from previous studies (Kano 2006, Table  2; Kano 2009, 
online supplementary fig. 1) for seven species in four gen-
era in addition to the measured values in the present study. 
For the rare planktotrophic Neritopsis, the apertural size of 
the protoconch was measured in a juvenile shell of an uni-
dentified species through an application of micro-CT tech-
niques (Kano et al., in preparation) and was used instead of 
the measurement of the opercular nucleus.

Comparison between sizes of opercular nucleus 
and protoconch

Forty-five post-settlement juveniles were used to test the 
correlation between the larval shell size at settlement and 
the diameter of the opercular nucleus. We used only small 
juveniles that had less than 0.5 volution of the teleoconch 
for precise measurement of the protoconch (Fig. 1, pd). The 
protoconch was measured to 5-μm precision in the same 
way as for the opercular nucleus in adult specimens; the 
juvenile shells were placed in a small hole made in a rub-
ber plate, except the single shell of Neritopsis sp. that was 
measured by micro-CT scanning.

Comparison of settlement size distribution among lineages 
and habitats

Phylogenetic trends of settlement size in the Neritimorpha 
were examined by a size comparison among six lineages 
(Neritopsidae, Neritiliidae, Phenacolepadidae, Neritinae, 
Theodoxinae and Smaragdiinae). Each lineage represents a 
monophyletic clade (Fig. 2) that occupies a wide range of 
different habitats (Kano et al. 2002). These habitats can be 
divided into three groups, i.e., marine, brackish and freshwa-
ter, for the comparison of nucleus diameter among habitats. 
(1) The marine group refers to species from (near) euha-
line habitats including the rocky shore, sand flat, mangrove 
swamp, seagrass bed, submarine cave, deep-sea hydrother-
mal vent and cold seep. (2) The brackish group includes 
species living in the mixohaline water of the estuary and 
stream mouth. Members of this group may be able to toler-
ate occasional exposure to both fully marine or freshwater 
conditions. (3) Freshwater group refers to limnic species 
that mainly occur in the upper and middle reaches of the 
stream and river, while some show tolerance to low-salinity 
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Table 1   Neritimorph species used in present study, habitat, collection site and diameter of opercular nucleus (nd)

Species Habitata Collection site ndb

Neritopsidae

 Neritopsis sp. cf. aqabaensis Bandel, 2007 Submarine cave (M) Bali Is., Indonesia 350 (1, 350)c

Neritiliidae

 Neritilia rubida (Pease, 1865) Stream (F) Ishigaki Is., Okinawa, Japan 183 ± 7 (8, 175–190)d

 Neritilia vulgaris Kano and Kase, 2002 Stream (F) Iriomote Is., Okinawa, Japan 184 ± 6 (11, 175–190)d

 Platynerita rufa Kano and Kase, 2002 Stream (F) Amami Is., Japan 193 ± 6 (8, 185–200)d

 Pisulina adamsiana Nevill and Nevill, 1869 Submarine cave (M) Sipadan Is., Sabah, Malaysia 217 ± 8 (6, 210–230)d

Phenacolepadidae

Phenacolepadinae

 Phenacolepas cytherae (Lesson, 1831) Sand flat (M) Kuroshima Is., Okinawa, Japan 429 ± 9 (4, 430–445)

 Phenacolepas unguiformis (Gould, 1859) Rocky shore (M) Kanagawa, Honshu Is., Japan 438 ± 6 (4, 420–440)

 Phenacolepas sp. Sand flat (M) Iriomote Is., Okinawa, Japan 359 ± 13 (5, 340–370)

 Cinnalepeta pulchella (Lischke, 1871) Coastal pond (B) Kami-Koshiki Is., Kyushu, Japan 392 ± 10 (9, 375–405)d

Shinkailepadinae

 Shinkailepas briandi Warén and Bouchet, 2001 Hydrothermal vent (M) Lucky Strike, Mid-Atlantic Ridge 505 ± 13 (10, 485–510)

 Shinkailepas kaikatensis Okutani et al., 1989 Hydrothermal vent (M) Kaikata Seamount, Japan 475 ± 8 (7, 460–480)

 Shinkailepas myojinensis Sasaki et al., 2003 Hydrothermal vent (M) Kaikata Seamount, Japan 505 ± 5 (6, 500–510)

 Olgasoralis tollmanni Beck, 1992 Hydrothermal vent (M) Lau Basin, Papua New Guinea 492 ± 10 (6, 480–505)

 Bathynerita naticoidea Clarke, 1989 Cold seep (M) Green Canyon, Gulf of Mexico 470 ± 0 (2, 470)

Neritidae

Neritinae

 Nerita (Nerita) peloronta Linnaeus, 1758 Rocky shore (M) Grand Cayman, Cayman Islands 368 ± 9 (5, 355–380)

 Nerita (Nerita) versicolor Gmelin, 1791 Rocky shore (M) Grand Cayman, Cayman Islands 369 ± 5 (4, 365–375)

 Nerita (Amphinerita) incerta Rocky shore (M) Amami Is., Japan 401 ± 9 (6, 390–415)

Von dem Busch in Philippi, 1844

 Nerita (Amphinerita) insculpta Récluz, 1841 Rocky shore (M) Iriomote Is., Okinawa, Japan 378 ± 12 (9, 360–395)

 Nerita (Argonerita) argus Récluz, 1841 Rocky shore (M) Tahiti Is., French Polynesia 393 ± 8 (6, 380–400)

 Nerita (Argonerita) chameleon Linnaeus, 1758 Rocky shore (M) Yonaguni Is., Okinawa, Japan 318 ± 15 (4, 300–330)

 Nerita (Argonerita) histrio Linnaeus, 1758 Sand flat (M) Iriomote Is., Okinawa, Japan 316 ± 6 (10, 305–325)

 Nerita (Argonerita) ocellata Le Guillou, 1841 Rocky shore (M) Amami Is., Japan 415 ± 11 (4, 400–425)

 Nerita (Ilynerita) planospira Anton, 1838 Mangrove swamp (M) Iriomote Is., Okinawa, Japan 340 ± 7 (8, 330–350)

 Nerita (Linnerita) litterata Gmelin, 1791 Rocky shore (M) Okinawa Is., Japan 328 ± 10 (4, 315–340)

 Nerita (Linnerita) polita Linnaeus, 1758 Rocky shore (M) Hachijo Is., Japan
Russell Is., Solomon Islands

326 ± 6 (11, 320–335)

 Nerita (Lisanerita) melanotragus Smith, 1884 Rocky shore (M) N of Auckland, New Zealand 447 ± 6 (3, 440–450)

 Nerita (Lisanerita) morio Sowerby, 1833 Rocky shore (M) Pitcairn Is., Pitcairn Islands 427 ± 10 (3, 415–435)

 Nerita (Ritena) costata Gmelin, 1791 Rocky shore (M) Okinoerabu Is., Japan 352 ± 11 (6, 340–370)

 Nerita (Ritena) picea Récluz, 1841 Rocky shore (M) Maui Is., Hawaii Islands, USA 379 ± 6 (7, 370–385)

 Nerita (Ritena) plicata Linnaeus, 1758 Rocky shore (M) Yonaguni Is., Okinawa, Japan 387 ± 10 (9, 375–410)

 Nerita (Theliostyla) albicilla Linnaeus, 1758 Rocky shore (M) Yonaguni Is., Okinawa, Japan 438 ± 12 (7, 425–450)

 Nerita (Theliostyla) tessellata Gmelin, 1791 Rocky shore (M) Grand Cayman, Cayman Islands 362 ± 10 (6, 350–370)

 Nerita articulata Gould, 1847 Mangrove swamp (M) Phuket Is., Thailand
Langkawi Is., Malaysia

385 ± 11 (7, 370–400)

Smaragdiinae

 Smaragdia bryanae (Pilsbry, 1917) Seagrass bed (M) Mauritius; Santo Is., Vanuatu
Hawaii Is., Hawaii Islands, USA

432 ± 10 (3, 420–440)

 Smaragdia pulcherrima (Angas, 1871) Seagrass bed (M) Ishigaki Is., Okinawa, Japan 557 ± 3 (3, 555–560)

 Smaragdia rangiana (Récluz, 1841) Seagrass bed (M) Ishigaki Is., Okinawa, Japan
Panglao Is., Bohol, Philippines

552 ± 9 (23, 535–570)



217Mar Biol (2014) 161:213–227	

1 3

Table 1   continued

Species Habitata Collection site ndb

 Smaragdia souverbiana (Montrouzier, 1863) Seagrass bed (M) Savanne, Mauritius
Ryukyu Isls., Okinawa, Japan

442 ± 10 (5, 430–455)

 Smaragdia tragena (Iredale, 1936) Seagrass bed (M) Santo Is., Vanuatu
Moorea Is., French Polynesia

505 ± 0 (2, 505)

 Smaragdia viridis (Linnaeus, 1758) Seagrass bed (M) Discovery Bay, Jamaica 523 ± 4 (2, 520–525)

 Smaragdia sp. 1 Seagrass bed (M) Miyazaki, Kyushu Is., Japan 405 (1, 405)

 Smaragdia sp. 2 Seagrass bed (M) Cocos Islands, Australia
Miyazaki, Kyushu Is., Japan

440 ± 13 (3, 425–450)

Theodoxinae

 Clithon bicolor (Récluz, 1843) Stream (F) Okinawa Is., Japan 333 ± 12 (6, 315–350)

 Clithon corona (Linnaeus, 1758) Stream (F) Ishigaki Is., Okinawa, Japan
Phuket Is., Thailand

300 ± 7 (6, 290–310)

 Clithon chlorostoma (Sowerby, 1833) Stream mouth (B) Okinawa Is., Japan 343 ± 3 (3, 340–345)

 Clithon cyanostoma (Morelet, 1853) Stream mouth (B) Okinawa Is., Japan 270 ± 0 (3, 270)

 Clithon diadema (Récluz, 1841) Stream (F) Kagoshima, Kyushu Is., Japan
Okinawa Is., Japan
Bohol Is., Philippines
Santo Is., Vanuatu

282 ± 8 (8, 275–300)

 Clithon faba (Sowerby, 1836) Stream mouth (B) Miyazaki, Kyushu Is., Japan
Okinawa Is., Japan

263 ± 3 (3, 260–265)

 Clithon francoisi (Mabille, 1895) Stream (F) Okinawa Is., Japan 282 ± 8 (3, 275–290)

 Clithon longispinus (Récluz, 1841) Stream (F) Grand Port, Mauritius 340 (1, 340)

 Clithon olivaceus (Récluz, 1843) Stream (F) Ishigaki and Iriomote Isls., Japan
Agat, Guam, Micronesia

318 ± 13 (3, 305–330)

 Clithon oualaniensis (Lesson, 1831) Stream mouth (B) Phuket Is., Thailand
Wakayama, Honshu Is., Japan

294 ± 6 (6, 290–305)

 Clithon pauluccianus (Gassies, 1870) Stream mouth (B) Okinawa Is., Japan 326 ± 5 (6, 320–330)

 Clithon retropictus (Martens, 1878) Stream (F) Chiba, Honshu Is., Japan
Miyazaki, Kyushu Is., Japan
Ryukyu Isls., Okinawa, Japan

277 ± 4 (9, 270–280)

 Clithon sowerbianus (Récluz, 1843) Stream mouth (B) Miyazaki, Kyushu Is., Japan
Yakushima Is., Kyushu, Japan
Okinawa Is., Japan

280 ± 10 (3, 270–290)

 Clithon spinosus (Sowerby, 1825) Stream (F) Tahiti Is., French Polynesia 335 ± 4 (4, 330–340)

 Clithon squarrosus (Récluz, 1843) Stream (F) Ishigaki Is., Japan 270 ± 5 (3, 265–275)

 Clithon cryptospira (Martens, 1875) Stream (F) Phang Nga, Thailand 310 ± 5 (3, 305–315)

 Neripteron auriculatum (Lamarck, 1816) Estuary (B) Miyazaki, Kyushu Is., Japan
Okinawa Is., Japan

307 ± 6 (3, 300–310)

 Neripteron bicanaliculatum (Récluz, 1843) Estuary (B) Okinawa Is., Japan 257 ± 3 (3, 255–260)

 Neripteron dilatatum (Lesson, 1830) Stream mouth (B) Okinawa Is., Japan 323 ± 6 (3, 320–330)

 Neripteron reticulatum (Lamarck, 1816) Stream mouth (B) Okinawa Is., Japan 353 ± 8 (5, 340–360)

 Neripteron spiralis (Reeve, 1855) Estuary (B) Okinawa Is., Japan 320 ± 5 (3, 315–325)

 Neripteron siquijorense (Récluz, 1844) Estuary (B) Palawan Is., Philippines
Iriomote Is., Okinawa, Japan

325 ± 5 (5, 320–330)

 Neripteron subauriculatum (Récluz, 1843) Estuary (B) Iriomote Is., Okinawa, Japan 301 ± 2 (5, 300–305)

 Neripteron transversecostatum (Schepman, 1919) Estuary (B) Northern Territory, Australia 278 ± 11 (2, 270–285)

 Neripteron violaceum (Gmelin, 1791) Estuary (B) Phuket Is., Thailand 287 ± 3 (3, 285–290)

 Neripteron sp. Estuary (B) Fukuoka, Kyushu Is., Japan
Miyazaki, Kyushu Is., Japan

303 ± 11 (5, 285–310)

 Neritina asperulata (Récluz, 1843) Stream (F) Ishigaki Is., Okinawa, Japan
Cebu Is., Philippines
Guadalcanal Is., Solomon Islands
Santo Is., Vanuatu

307 ± 7 (10, 295–315)d
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brackish water. Opercular size distribution was compared 
among the six lineages or three habitat groups. The mean 
and standard deviation of the nucleus size for each group 
was calculated by averaging the mean size of species.

Relationship between settlement size and geographic range

The relationship between settlement size and geographic dis-
tribution area was examined for 60 representative species to 
assess the effect of settlement size in determining the distri-
bution in the sea, i.e., whether a larger larva results in a wider 
geographic range through a presumably longer planktonic 
period. The 60 species were selected from the 88 study spe-
cies for the nucleus measurements based on the availability 
of the information on the distribution range and nucleotide 
sequences in previous literature or our unpublished data 
library. Morphological species with multiple evolutionarily 

significant units (ESUs) were excluded, or only one ESU 
from such morphospecies was selected to include the speci-
mens used for the measurement of the nucleus and pro-
toconch. The distribution range was represented by the 
distance between two remotest known occurrences of the 
species via a straight line at a 50-km level of precision. The 
size of the larval shell at settlement was estimated from that 
of the opercular nucleus when an adequate protoconch was 
not available for measurement of each species (see Results).

Results

Size of opercular nucleus

Table 1 summarizes the diameter of the opercular nucleus 
in the study species of planktotrophic neritimorphs. The 

Table 1   continued

Species Habitata Collection site ndb

 Neritina canalis Sowerby, 1825 Stream (F) Tahiti Is., French Polynesia 297 ± 10 (3, 285–305)

 Neritina delestennei (Récluz, 1853) Stream (F) Ryukyu Isls., Okinawa, Japan 293 ± 9 (10, 280–310)

 Neritina iris Mousson, 1849 Stream (F) Ryukyu Isls., Okinawa, Japan 280 ± 8 (6, 265–285)

 Neritina petitii (Récluz, 1841) Stream (F) Ryukyu Isls., Okinawa, Japan
Guadalcanal Is., Solomon Islands
Santo Is., Vanuatu

279 ± 10 (9, 270–300)d

 Neritina powisiana (Récluz, 1843) Stream (F) Guadalcanal Is., Solomon Islands 310 (1, 310)

 Neritina pulligera (Linnaeus, 1767) Stream (F) Ryukyu Isls., Okinawa, Japan 283 ± 8 (13, 270–295)

 Neritina sanguinea Sowerby, 1849 Stream (F) Ryukyu Isls., Okinawa, Japan 307 ± 3 (3, 305–310)

 Puperita pupa (Linnaeus, 1767) Rocky shore (M) Grand Cayman, Cayman Islands 310 ± 5 (3, 305–315)

 Septaria cumingiana (Récluz, 1843) Stream (F) Ishigaki Is., Okinawa, Japan 258 ± 6 (3, 255–265)

 Septaria porcellana (Linnaeus, 1758) Stream (F) Miyazaki, Kyushu Is., Japan
Ryukyu Isls., Okinawa, Japan

284 ± 7 (5, 275–290)

 Septaria tessellata (Lamarck, 1816) Estuary (B) Phang Nga, Thailand
Kagoshima, Kyushu Is., Japan
Okinawa Is., Japan

241 ± 6 (6, 235–250)

 Vitta latissima (Broderip, 1832) Stream (F) Gobernadora Is., Panama 280 (1, 280)

 Vitta virginea (Linnaeus, 1758) Stream (F) Trelawhy, Jamaica 247 ± 3 (3, 245–250)

 Vitta sp. Stream (F) Guadalcanal Is., Solomon Islands 255 (1, 255)

 Vittina adumbrata (Reeve, 1855) Stream (F) Guadalcanal Is., Solomon Islands
Santo Is., Vanuatu

320 ± 14 (2, 310–330)

 Vittina coromandeliana (Sowerby, 1836) Estuary (B) Ishigaki Is., Okinawa, Japan
Bohol Is., Philippines

310 ± 14 (6, 295–330)

 Vittina cumingiana (Récluz, 1842) Estuary (B) Okinawa Is., Japan 317 ± 6 (3, 310–320)

 Vittina roissyana (Récluz, 1841) Stream mouth (B) Agat, Guam, Micronesia
Santo Is., Vanuatu
Upolu Is., Western Samoa

308 ± 8 (3, 300–315)

 Vittina turrita (Gmelin, 1791) Estuary (B) (Purchased at aquarium store) 320 ± 0 (2, 320)

 Vittina variegata (Lesson, 1831) Stream (F) Phuket Is., Thailand
Kagoshima, Kyushu Is., Japan
Iriomote Is., Okinawa, Japan

301 ± 5 (8, 295–310)

a  Marine (M), brackish (B) or freshwater (F). b Mean ± SD in μm (number of specimens, range). c Estimated from apertural size of protoconch. 
d Kano (2006, 2009)
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diameter of the nucleus revealed a broad size range (nd: 
175–570 μm). Contrary to the small intraspecific variation, 
there was considerable interspecific variation in the diame-
ter, as previously shown in Kano (2006) with a smaller data 
set. Among the study species, Neritina petitii was found to 
have the widest intraspecific variation with its range cor-
responding to 10.7  % of the mean, and only four species 
(Nerita insculpta, Clithon bicolor, Neritina delestennei, 
Neritina petitii) showed intraspecific variation exceeding 
10  %. Overall, the average of intraspecific variation was 
5.2 % of the mean for each species. The diameter often dif-
fered considerably among species within the same genus, 
without an overlap of size ranges (Table 1).

The dimensions of the opercular nucleus differed among 
six lineages. Smaragdiinae represent the largest average 
diameter (482 ±  59; range 405–570 μm) and include the 
species with the largest opercular nucleus in Neritimorpha 
(Smaragdia rangiana: up to 570  μm). Phenacolepadidae 

are the second largest (452  ±  51; 340–520  μm). Within 
this family, the reciprocal sister clades Phenacolepadi-
nae and Shinkailepadinae showed different ranges of the 
nucleus size. The former shallow water group, here rep-
resented by Phenacolepas and Cinnalepeta, had smaller 
nuclei (405 ± 36; 340–445 μm) than those of Shinkailepas, 
Olgasolaris and Bathynerita from deep-sea chemosynthetic 
environments (489 ± 16; 460–520 μm). Neritopsidae and 
Neritinae showed moderate sizes. Neritopsis from a subma-
rine cave had a nucleus of 350 μm wide. Neritinae, which 
comprise the monotypic genus Nerita from intertidal rocky 
shores and mangrove swamps, showed a size range of 300–
450 μm (375 ± 39 μm); the smallest nucleus was found in 
Nerita histrio and the largest in Nerita melanotragus.

Theodoxinae had smaller nuclei than the above four 
groups (298  ±  26; 235–360  μm). Among seven theo-
doxine genera, exclusively marine or brackish water taxa 
(Puperita and Neripteron) tend to have slightly larger 
nuclei than freshwater (Neritina, Vitta) or fresh/brackish 
water genera (Clithon, Vittina and Septaria). The mono-
typic species of the fully marine genus Puperita had a 
nucleus diameter of 310  ±  5 (305–315  μm); 10 species 
of the brackish water genus Neripteron showed a similar 
range (305 ± 27; 255–360 μm). There was no difference 
between the exclusively freshwater Neritina and Vitta and 
the fresh/brackish water Clithon, Vittina and Septaria. 
Neritina and Vitta showed the respective sizes of 295 ± 13 
(279–310 μm) and 261 ± 17 (245–280 μm); Clithon, Vit-
tina and Septaria were 301 ± 28 (260–345 μm), 313 ± 8 
(295–330 μm) and 261 ± 22 (235–290 μm), respectively. 

Fig. 1   a Newly settled juvenile of Shinkailepas kaikatensis, Myojin 
Knoll, Izu-Ogasawara Arc, Pacific. b SEM image of adult operculum 
of Smaragdia souverbiana (modified from Kano 2006, fig.  1A). c 
Close-up of nucleus in (b). eo embryonic operculum or initial region 
of opercular nucleus, nd diameter of larval operculum, nu opercular 
nucleus or larval operculum, op adult operculum, pd diameter of pro-
toconch or settlement size

Fig. 2   Phylogenetic relationships among living neritimorph clades 
with planktotrophic species, adopted from Holthuis (1995), Kano 
et  al. (2002) and unpublished molecular phylogram (Kano et  al., in 
preparation). Information on habitat type is provided for each clade
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At the species level, the largest nucleus for Theodoxinae 
was found in Neripteron reticulatum (360  μm) and the 
smallest in Septaria tessellata (235 μm), both of which are 
brackish dwellers.

Neritiliidae had the smallest opercular nuclei (194 ± 16; 
175–230  μm) among neritimorph gastropods. The nuclei 
were larger in the submarine-cave genus Pisulina (217 ± 8; 
210–230  μm) than those in freshwater Platynerita (185–
200; 193 ± 6 μm) and Neritilia (184 ± 1; 175–190 μm).

Size of protoconch

We measured the diameter of 45 protoconchs in post-set-
tlement juveniles. The specimens belonged to five families 
or subfamilies and at least nine genera: Neritopsidae (Neri-
topsis), Neritiliidae (Neritilia), Phenacolepadidae (Shinka-
ilepas), Smaragdiinae (Smaragdia), Theodoxinae (Clithon, 
Neritina, Vittina, Neripteron and Septaria). Of these, 28 
specimens were identified at the species level based on 
the teleoconch morphology; ten live-caught juveniles of 
six species (Table  2) enabled us to also measure the size 
of the in situ operculum. The remaining 18 empty shells 
were identified to five species (Table 2), and the diameters 
of their larval opercula were extrapolated from the mean 
diameters of opercular nuclei for each species obtained in 
the above measurement of adult specimens. Measurements 
were also taken for the protoconch and larval operculum 
for 16 live-caught specimens that were identified only at 

the generic or higher level for the inclusion in the compar-
isons of the two sizes (results shown in Fig.  3 but not in 
Table 2).

The diameter of the protoconch varied greatly among 
neritimorph species, ranging from 345 μm in Neritilia vul-
garis to 855  μm in an unidentified neritoid species from 
submarine caves in Palau and Yap, western Pacific. The 
intraspecific variation was small (<5  % in up to 6 indi-
viduals for each species), conforming to Kano (2006) and 
Lesoway and Page (2008). There is noticeable phylogenetic 
variation: Smaragdiinae and Phenacolepadidae had the 
largest protoconchs (675–815 and 675–715  μm, respec-
tively), Neritopsidae and Theodoxinae were intermediate 
(580 and 415–560 μm, respectively) and Neritiliidae rep-
resent the smallest size class (345–360  μm). This phylo-
genetic pattern of the protoconch size agrees closely with 
that of the size of the opercular nucleus (=larval opercu-
lum) described above. The comparison of the two sizes in 
each species showed a strong correlation (Pearson’s corre-
lation test: r = 0.982, P < 0.00001), which suggests nearly 
uniformly shaped larval shells and opercula at metamor-
phic competence across the planktotrophic Neritimorpha. 
The approximate size of the protoconch (y) can therefore 
be estimated from the size of the nucleus (x) with a for-
mula 1.29x + 80.55 (Fig. 3).

Comparison of settlement size distribution among lineages 
and habitats

The diameter of the opercular nucleus, hence the size of 
the larval shell at settlement, differed significantly among 

Table 2   Diameter of protoconch (pd, =diameter of larval shell) in 
selected neritimorph species

a  Mean ± SD in μm (number of specimens, range)

Species pda

Neritopsidae

 Neritopsis sp. 580 (1, 580)

Neritiliidae

 Neritilia vulgaris 353 ± 11 (2, 345–360)

Phenacolepadidae

 Shinkailepadinae

  Shinkailepas kaikatensis 683 ± 8 (3, 675–690)

  Shinkailepas myojinensis 720 (1, 720)

Neritidae

 Smaragdiinae

  Smaragdia rangiana 815 (1, 815)

  Smaragdia souverbiana 693 ± 6 (4, 680–695)

 Theodoxinae

  Clithon retropictus 435 ± 4 (6, 430–440)

  Neripteron reticulatum 560 (1, 560)

  Neripteron siquijorense 508 ± 11 (2, 500–515)

  Neritina asperulata 433 ± 4 (2, 430–435)

  Septaria porcellana 462 ± 10 (6, 450–470)

Fig. 3   Correlation between diameters of opercular nucleus (nd) and 
protoconch (pd) (Pearson’s correlation test: p  <  0.00001), showing 
nearly uniform larval shells and opercula at metamorphic competence 
across planktotrophic Neritimorpha. Shaded area corresponds to a 
confidence interval of 95 %
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families or subfamilies (analysis of variance: P < 0.00001; 
Fig. 4), with the exception of Neritopsidae, which was rep-
resented by a single specimen and therefore was excluded 
from the analysis. Tukey–Kramer test detected signifi-
cant differences (P  <  0.0001) between all groups except 
between Phenacolepadidae and Smaragdiinae (P = 0.419).

Moreover, settlement size differed significantly between 
the marine group and freshwater or brackish group (Fig. 5; 
Tukey–Kramer test: P  <  0.000001). No significant differ-
ence was detected between the freshwater and brackish 
water groups (P = 0.336), nor among the three habitats in 
an omnibus test (analysis of variance: P = 0.13).

Comparison of settlement size and geographic range

There was no correlation between settlement size and geo-
graphic distribution area of species among all study taxa 
or within any of the six phylogenetic groups (Fig. 6; Sup-
plementary Table  1). Distances between the two remotest 
known occurrences of species in each group were: 700–
18,950  km for Neritiliidae (n =  4), 2,250–17,150  km for 
Phenacolepadidae (n = 7), 1,550–19,950 km for Neritinae 
(n = 19), 6,600–16,500 km for Smaragdiinae (n = 5) and 
1,600–15,250 km for Theodoxinae (n =  24). Species that 
have either small or large settlement size can have narrow-
to-wide distribution ranges. Pearson’s correlation tests did 
not result in a significant P value for all species or species 
within each phylogenetic group (P > 0.2).

Discussion

Inference of settlement size from measurement of adult 
operculum

In this study, we demonstrate that settlement size can be 
precisely estimated by measuring the diameter of the oper-
cular nucleus in the planktotrophic species of the gastro-
pod superorder Neritimorpha. There is a strong correlation 
between settlement size and diameter of the nucleus (Fig. 3), 
confirming nearly uniformly shaped protoconchs and larval 
opercula across the group (Bandel 1982; Kano 2006; Page 
and Ferguson 2013). The opercular nucleus retains its origi-
nal shape in nearly all fully grown specimens, while the 
protoconch is worn and eroded in the majority of metamor-
phosed individuals (Kano 2006). Moreover, the flat oper-
cular nucleus is easier to measure than that of a globular 

Fig. 4   Frequency distributions of settlement size of planktotrophic 
species (represented by average diameter of opercular nucleus) for six 
neritimorph clades

▸
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protoconch, where the overlapping growth of the teleoconch 
makes the measurement even more difficult. This finding 
enables us to generate the largest data set so far on larval 
settlement sizes within a group of marine invertebrates that 
recruit into very different post-metamorphic habitats.

The size of the opercular nucleus is fairly constant 
within a species, with a range of intraspecific variation less 
than 10.7  % of the average diameter in each species, in 
agreement with preliminary results by Kano (2006). Obser-
vations during rearing of planktotrophic larvae have shown 
determinate growth in Nerita melanotragus (as N. atra-
mentosa): their shell growth is arrested during the delayed 
period unlike some caenogastropods that continue to grow 
when lack of environmental induction forces a delay of 
metamorphosis (Lesoway and Page 2008). The constant 

intraspecific sizes at settlement obtained in the present 
study strongly suggest the determinate larval growth in all 
planktotrophic species of the superorder. Our results sup-
port the evolutionary hypothesis by Lesoway and Page 
(2008) that the capacity for continued growth during the 
delay period, as exhibited by some caenogastropods, is a 
derived innovation among feeding gastropod larvae.

Interestingly, Przeslawski (2011) has shown that the egg 
capsule of N. melanotragus sometimes persists for much 
longer than would be expected with strict planktotrophy. 
Their larvae occasionally hatch as crawling juveniles with 
smaller body sizes than the settlement size of feeding larvae 
(Przeslawski 2011), possibly representing the first reported 
case of gastropod poecilogony outside the Heterobranchia 
(see Bouchet 1989). In the present study, however, the oper-
cular nucleus and estimated settlement size were fairly con-
stant among the three specimens of this species and only 
negligible intraspecific variation (<2.2  %) was detected 
among 119 specimens in the genus Nerita (Table 1). Pos-
sible explanations for the incongruence between the direct 
observation and inference from the operculum include a 
higher mortality for the smaller metamorphosed hatchlings, 
and poecilogony as the species-specific character of N. mel-
anotragus. The proportion of adults that hatched as crawl-
ing juveniles can be estimated by measuring a sufficient 
number of nuclei in the fully grown opercula of the species 
(Fukumori et al. in preparation).

Settlement size as an identification trait for juveniles 
and larvae

The diameter of the opercular nucleus often differs substan-
tially among species, in contrast to the small intraspecific 

Fig. 5   Frequency distributions of settlement size of planktotrophic 
species (represented by average diameter of opercular nucleus, nd) 
for marine, brackish and freshwater habitats of adult

Fig. 6   Relationship between settlement size (=diameter of proto-
conch) and geographic distribution area in planktotrophic species of 
Neritimorpha. Size of distribution range was represented by distance 
between two remotest known occurrences of species via a straight 
line
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variation (Table 1). The presence of significant interspecific 
variation of settlement size makes the protoconch and oper-
cular nucleus very useful for identifying juveniles, which 
are typically nondescript with few suitable taxonomic char-
acters, to genus or species. This is particularly the case in 
the tropical West Pacific islands where the species diver-
sity of neritids is the highest (Frey and Vermeij 2008; Kano 
et al. 2011).

Settlement size can also be used as an identification trait 
for neritimorph larvae. Larval shells of Neritimorpha that 
reached their final size are distinguished from immature 
larvae by the flared outer lip of the aperture (Bandel 1982; 
Kano 2006; Page and Ferguson 2013). The usefulness of 
this character is enhanced by the proportionally long delay 
period in their entire larval life. For example, the larvae of 
Nerita melanotragus tripled in shell length 45  days after 
hatching, but showed no further growth until the end of cul-
ture period of 69 days (Lesoway and Page 2008). While the 
exact duration of the delay period is not known for this and 
other neritimorph species, Underwood (1974) found the 
first newly settled juveniles nearly half a year after the first 
sighting of egg capsules of N. melanotragus at his study 
site, suggesting roughly four to five months of pelagic life 
including three to four months of the delay period. Like-
wise, the hatched planktotrophic larvae of the Caribbean 
species Smaragdia viridis were estimated to require about 
25 days of the onset of metamorphic competence, and the 
fully grown larvae were kept at least 30 days in laboratory 
culture (Scheltema 1971). The delay period of this spe-
cies may be much longer as the larvae were collected west 
of Azores Islands, to which the journey may take several 
months in the North Atlantic Drift (Scheltema 1971).

Taxonomic identification of the juveniles and larvae can 
be more effectively practiced in combination with informa-
tion from other morphological characteristics as well as 
molecular data. Besides the unique, uniformly multispiral 
and globose shape, neritimorph larvae sometimes have dis-
tinct coloration. Certain species of Smaragdia have a bright 
green shell and soft tissue before and after metamorphosis 
(Scheltema 1971). Shinkailepas species consistently have a 
grayish-purple protoconch (Fig. 1; Beck 1992). Settlement 
size and other morphological criteria are indispensable for 
the identification of living neritimorph larvae for ecologi-
cal and behavioral studies, while such characters can also 
facilitate the screening of specimens for DNA barcoding 
(see Garland and Zimmer 2002; Barber and Boyce 2006). 
A promising application of the present finding is to study 
the larval behavior and dispersal of limnic (amphidromous) 
and deep-sea hydrothermal vent species in the field, which 
to date has been inferred from larval rearing, comparison 
of spawning times and settlement dates, and genetic popu-
lation analyses (e.g., Holthuis 1995; Crandall et  al. 2010; 
Young et al. 2012).

Phylogenetic constraints on settlement size for neritimorph 
subclades

The present study reveals that the settlement size of the 
planktotrophic Neritimorpha primarily reflects phyloge-
netic constraints rather than adaptive consequences of 
ecological radiation within each lineage. The Neritiliidae 
have the smallest settlement sizes among the Neritimorpha 
regardless of different habitats they occupy (Fig. 4). Within 
the Neritidae, the species of Theodoxinae are smaller than 
the Smaragdiinae at settlement, and the Neritinae show 
intermediate sizes. Members of its sister family Phenaco-
lepadidae (Fig.  2) have the second largest average size at 
settlement among the six lineages, next to the Smaragdii-
nae. The planktotrophic larva of the archetypal family Ner-
itopsidae (Kano et al. 2002) is moderate in size (580 μm) 
and possibly represents the ancestral condition for the 
extant Neritimorpha. While radically different larval shell 
morphologies in other gastropod clades (Scheltema 1971; 
Bandel 1982) prevent outgroup comparison for this char-
acter, early neritimorphs from the fossil record show that 
moderate protoconch sizes were common (e.g., Bandel and 
Frýda 1999; Bandel and Kiel 2003). Assuming the condi-
tion in Neritopsis is the shared ancestral state, body size at 
metamorphosis may have decreased twice in the lineages 
leading to the Neritiliidae and Theodoxinae and increased 
twice in the clades of Phenacolepadidae and Smaragdii-
nae. The small settlement size as derived conditions is also 
favored by parsimony, as the large and moderate-sized lar-
vae distribute polyphyletically in the evolutionary tree of 
the extant Neritimorpha (see Figs. 2, 4).

Interspecific variation in settlement size among plank-
totrophic species has been addressed by a limited number 
of studies on echinoid echinoderms and gastropod and 
bivalve mollusks (e.g., Levitan 2000; Collin 2003). Many 
of these studies focused on the post-metamorphic effects of 
maternal provisioning and found no relationship between 
egg size and settlement size (Hadfield and Switzer-Dun-
lap 1984; Kohn and Perron 1994; Levitan 2000; but see 
Marshall and Keough 2007). In particular, there has been 
almost no research of how environmental conditions affect 
settlement sizes of different planktotrophic species. Podol-
sky and Moran (2006) provided a rare but very interest-
ing empirical account by examining six geminate pairs of 
bivalve species in the eastern Pacific and western Atlantic, 
where settlement size tends to be larger in the former ocean 
with higher productivity. This paucity of data reflects dif-
ficulties not only in measuring settlement size for a suffi-
cient number of species, but also in obtaining reliable phy-
logenetic hypotheses. Inherited developmental programs 
may impose limits on realized growth and differentiation of 
larvae (Hadfield and Miller 1987). Therefore, the question 
about selection on settlement size can be addressed only 
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when the influence of ancestry on observed differences is 
clarified (Levitan 2000; Marshall and Keough 2007; Leso-
way and Page 2008). The present results that show ancestry 
is a major determinant at family, and subfamily levels in 
Neritimorpha further emphasizes the importance of phylog-
enies in understanding current selection for optimal size for 
changing form and habitat.

The more or less defined settlement size (hence the pro-
toconch size) for a given clade enables us to infer the phy-
logenetic position of many neritimorph fossils. The fossil 
record of the superorder extends back at least to the middle 
Devonian and possibly as early as the Ordovician (Bandel 
and Frýda 1999). The first divergence among the extant 
families may have occurred in the late Paleozoic (Kano 
et al. 2002), so that the protoconch size may be used for the 
phylogenetic inference of Mesozoic and Cenozoic fossils. 
The familial or subfamilial positions of many Cretaceous 
and Paleogene taxa have not been conclusively determined 
by the traditional teleoconch characters. On the other hand, 
the preservation condition of such fossils is often complete 
enough to allow the examination of the protoconch (e.g., 
Bandel and Kiel 2003; Lozouet 2004), probably in part 
because many of the pre-Neogene species inhabited shal-
low subtidal waters, where physical and chemical erosion 
has been less extensive than in intertidal or limnic waters 
(Kano 2006). Future studies on the fossil material would 
shed new light on the evolutionary history of Neritimorpha 
by referring to the present data on settlement size.

Adaptive significance of smaller settlement size 
for amphidromous taxa

Besides the phylogenetic constraints, difference in the 
habitats of the adult individuals seemingly influences set-
tlement size in Neritimorpha, particularly among different 
families and subfamilies. The freshwater and brackish spe-
cies have significantly smaller sizes at metamorphosis than 
those of marine species (Fig.  5), while this may reflect a 
phylogenetic bias as two subclades, Neritiliidae and Theo-
doxinae, represent all freshwater species and most brackish 
ones among the living Neritimorpha (Table 1). We propose 
that the acquisition of small settlement size is an adaptive 
consequence of ecological radiation to limnic habitats in 
each lineage.

All limnic species of Neritiliidae and Theodoxinae 
except a few direct developers have an amphidromous life 
cycle (Kano 2006; Kano et  al. 2011). Amphidromy is a 
strategy involving migration of juveniles from the sea into 
freshwater, where growth from juvenile to adult, attain-
ment of sexual maturity and spawning all occur (McDowall 
2007). The neritimorph larvae with this life cycle appar-
ently spend a few months in the ocean as their marine rela-
tives do, resulting in the widespread geographic distribution 

of the species regardless of the exclusively limnic nature in 
the following ontogenetic stage (Kano 2006; Crandall et al. 
2010). However, the longer larval life as marine plankton 
may increase the risk of expatrial dispersal far from the 
mouth of the natal river or any other estuarine environment 
that is suitable for settlement: if the growth period of lar-
vae is shortened, many individuals are likely to remain near 
the natal river (McDowall 2010). Given the proportional 
growth of the larval shell, the smaller settlement size of the 
amphidromous neritimorphs (Fig. 5) may reflect the shorter 
growth period from hatching to metamorphic competence 
in comparison with marine taxa with larger settlement 
sizes. On the other hand, the presence of the considerably 
long delay period (see above) may still allow the larvae 
to disperse over a long distance if needed and to colonize 
new habitats on remote islands on an evolutionary time-
scale (e.g., Crandall et  al. 2010). The smaller settlement 
size of amphidromous species than that of fully marine 
relatives has not been reported in other animal groups such 
as prawns (Knowlton and Vargo 2004), possibly due to 
the absence or insufficiently long delay period. However, 
ontogenetic data are obviously too scarce for further con-
sideration outside Neritimorpha.

Further support for the smaller settlement size in amphi-
dromous taxa is given by the fossil record of two addi-
tional lineages of the limnic Neritimorpha bearing small 
protoconchs. Bandel and Riedel (1994) studied the Late 
Cretaceous fauna of Ajka in Hungary and concluded that 
this fauna flourished in freshwater to more or less brack-
ish estuarine paleoenvironments. This fauna includes five 
neritimorph species, one of which (Schwardtina cretacea) 
belongs to a lineage close to the Recent terrestrial family 
Hydrocenidae, while three others in the genus Deianira 
(family Deianiridae) are morphologically similar enough 
to presume a phylogenetic relationship to another living 
terrestrial family Helicinidae (Bandel and Riedel 1994; 
Kano et al. 2002). The last species, Mesoneritina ajkaensis, 
shares the typical globose shell shape of Neritidae, but it 
probably represents an independent invasion into the lim-
nic habitat prior to the Eocene radiation of extant amphi-
dromous neritids in the subfamily Theodoxinae (Kano 
et al. 2002; Bandel and Kiel 2003; Symonds 2006). Nota-
bly, Schwardtina and Deianira bear among the smallest 
multispiral protoconchs (=planktotrophic larval shells) 
in fossil neritimorphs investigated so far, while the size is 
unknown in Mesoneritina. The maximum diameters of the 
protoconchs are 280 and 300–350 μm in S. cretacea and 
Deianira species, respectively (Bandel and Riedel 1994). 
Comparable protoconch sizes (pd) can be found only in the 
two amphidromous lineages among the extant species (Ner-
itiliidae and Theodoxinae; Figs. 3, 4) and none of the other 
extinct lineages. Planktotrophy of riverine gastropod larvae 
is directly associated with an amphidromous life cycle as a 
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result of downstream transport and scarcity of planktonic 
food in the running freshwater ecosystem (Holthuis 1995). 
Thus, the consistently small protoconchs in the four amphi-
dromous lineages (two recent and two extinct) but nearly 
none in living and fossil marine taxa suggest the presence 
of strong evolutionary constraints that led to a hypothesized 
decreased settlement size for neritimorph species with 
this life strategy. Such constraints may have resulted from 
a reduced risk of being wafted away from the estuaries of 
their natal streams, given that small metamorphs spend less 
time achieving metamorphic competence.

Submarine-cave species of Neritiliidae represent the 
only few marine taxa with settlement sizes that are com-
parable to those of amphidromous species. In addition to 
Pisulina adamsiana investigated herein, a few more cave-
dwelling neritiliids that have been represented exclusively 
by dead shells bear small protoconchs with diameters rang-
ing from 360  μm (Laddia traceyi) to 530  μm (Siaesella 
fragilis; Kano and Kase 2008). The phylogenetic relation-
ships among the neritiliid taxa and evolutionary transition 
between the two apparently contrasting habitats remain 
speculative due to the lack of material for anatomical and 
molecular analyses (Kano and Kase 2002, 2008). The small 
settlement size of the cave species may represent retention 
of the character state of the common ancestral species with 
an amphidromous life cycle, possibly in the underground 
water system (Kano and Kase 2004).

The larger sizes at metamorphosis in Smaragdiinae and 
Phenacolepadidae than in other lineages (Fig. 4) are more 
difficult to attribute to evolutionary consequences of adap-
tive differentiation. It is known that juveniles of benthic 
marine invertebrates are highly vulnerable while a larger 
body size provides a better survival rate against changing 
physiological and ecological pressures (e.g., Spight 1976; 
Gosselin and Qian 1997). One possible cause for the larger 
settlement size of Smaragdia is generally higher preda-
tion pressure in subtidal waters than in intertidal or limnic 
habitats (Vermeij 1993). Smaragdia species are specialized 
marine herbivores that utilize seagrasses as both food and 
habitat (Rueda et al. 2011; Unabia 2011). Another possibil-
ity is individuals that are too small may have difficulty in 
breaking the tough cell wall of seagrass leaves, regardless 
of their modified radular teeth for this feeding habit (e.g., 
Rueda et  al. 2011). The Phenacolepadidae have acquired 
erythrocytes to increase the capacity of blood to trans-
port oxygen in highly reducing environments, such as the 
underside of deep-buried stones in tidal flats and deep-sea 
hydrothermal vents, gas seeps and sunken-wood communi-
ties (Kano et al. 2002; Kano and Haga 2011; Young et al. 
2012). The reduced dissolved oxygen and increased con-
centration of hydrogen sulfide and other toxic compounds 
might have favored larger settlers with more tolerance to 
harsh environmental conditions.

Settlement size and geographic distribution range

In general, the duration of the planktonic period is posi-
tively related to the larval dispersal distance of marine 
benthos (e.g., Todd et al. 1998; Shanks et al. 2003; Siegel 
et al. 2003; Shanks 2009) and consequently to their genetic 
homogeneity and geographic distribution range of species 
(Paulay and Meyer 2006; Weersing and Toonen 2009). The 
pelagic larval duration may theoretically be inferred from 
settlement size or the size of the protoconch in gastropods 
(Scheltema 1971; Hadfield and Switzer-Dunlap 1984; 
Kohn and Perron 1994). The simplest expectation would 
therefore be that species with a larger settlement size have 
a wider geographic distribution. However, no such corre-
lation was found for the planktotrophic species of neriti-
morph gastropods, or any of the six subclades of the super-
order that occupy different habitats as adults (Fig. 6).

When the neritimorph larvae reach the defined settlement 
size for each species (Table 1), they can be induced to meta-
morphose by certain external cues from their adult habitats, 
such as their food sources; without such cues, they remain as 
plankton (Lesoway and Page 2008). It is therefore probable 
that their long delay period up to a few or several months (see 
above) obscures the relationship between settlement size and 
distribution range. Another possibility for the absence of the 
correlation is that even the species with presumably shortest 
pelagic periods (e.g., neritiliids) may be good enough dis-
persers across oceanic basins (Kano and Kase 2003, 2008). 
Rafting on driftwood as adults has also been documented for 
a few estuarine species of the Neritidae (Kano et al. 2013). 
Interspecific variation in size at hatching may pose a further 
obstacle in estimating the dispersal ability of larvae from set-
tlement size. The hatching size of neritimorphs tends to dif-
fer among species (Kano 2006) so that the duration of the 
growth period theoretically differs among species with the 
same settlement size. This possibility has not been explored 
in this or in previous studies. Future investigation on the 
diameter of the embryonic operculum in Neritimorpha may 
help to better understand the general relationship between 
the larval duration and biogeography of benthic animals. In 
conclusion, the inference of larval dispersal from the size 
at metamorphosis may be justified when various factors are 
considered, including the delay period and size at hatching, 
as well as other life history characteristics (e.g., larval behav-
ior; Shanks 2009; see also Becker et al. 2007) and accurate 
species taxonomy (Paulay and Meyer 2006).

Concluding remarks

Gastropods offer many advantages for exploring hypoth-
eses about phylogenetic and ecological patterns of the 
body size at ontogenetic life history transitions including 
larval metamorphosis and settlement. The calcified shell 
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is a major advantage because it is usually a reliable indi-
cator of overall body size, and its rigidity allows accurate 
measurement (Lesoway and Page 2008). Furthermore, all 
ontogenetic phases of shell secretion are retained in well-
preserved adult shells of both extant and fossil gastropods 
(Bandel 1982; Jablonski and Lutz 1983; Lima and Lutz 
1990). The present study revealed even more pronounced 
advantages in neritimorph gastropods thanks to the wide 
range of their habitat exploitation, resolved phylogeny and 
retention of the larval operculum in almost all adult individ-
uals as a rigorous indicator of the size at metamorphosis.

The settlement size of the planktotrophic Neritimorpha 
primarily reflects phylogenetic constraints, while parallel 
acquisitions of small settlement sizes are also suggested in 
limnic habitats. The smaller size may possibly reduce the 
risk of being wafted away from the estuaries of their natal 
streams through less time achieving metamorphic compe-
tence, while the ability to make occasional long-distance 
trips is retained by the presence of a sufficiently long delay 
period. This delay period also seems to obscure the pos-
sible correlation between settlement size and geographic 
distribution range of neritimorph species, both marine and 
amphidromous. Interspecific variation in size at hatch-
ing may pose a further obstacle in estimating the dispersal 
ability of larvae from settlement size. Future investigation 
on the size at hatching using the opercula of neritimor-
phs and scanning electron microscopy may help to bet-
ter understand the general relationship between the larval 
duration and biogeography of benthic animals. The same 
approach can be used to investigate the presence or absence 
of poecilogony in non-heterobranch mollusks and to assess 
the body size effect of hatchlings on the sizes at metamor-
phosis and maturity in a large number of species from dif-
ferent ecological and phylogenetic backgrounds.
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